A novel method is introduced to measure the phase-relaxation rate in disordered Fermi liquids. We deduce the dephasing rate from the magnitude of fluctuations in the local density of states, which are probed via resonant tunneling through a localized impurity state. While previous work focused on the temperature dependence of phase relaxation, we are able to determine the dephasing rate γ ϕ of heavily doped GaAs as a function of excitation energy E measured from the Fermi level. At the experimentally accessible energies, we find γ ϕ ∝ E 3/2 in agreement with theory for phase relaxation in diffusive conductors.
One fundamental property of quantum states is the time required to destroy their phase coherence. Phase coherence is essential for the observation of quantum transport phenomena in solid state devices [1, 2] and quantum interference effects in disordered metals, such as weak localization or universal conductance fluctuations [3] [4] [5] [6] . From an applied point of view, coherence is also important for quantum information theory where phase relaxation is a major obstacle to the development of quantum computers [7, 8] .
Dephasing of electronic states may be caused by external noise or intrinsic interactions such as collisions with other electrons, lattice vibrations, and magnetic impurities. In degenerate Fermi liquids the energy levels are occupied up to the Fermi level and the dephasing rate γ ϕ is of the same order as the decay rate for elementary excitations. Such excitations may be viewed as quasiparticles (quasiholes) above (below) the Fermi level. At very low temperatures this relaxation is dominated by inelastic electron-electron scattering and a typical process is the decay of one hole into two holes and an electron, as illustrated in Fig.   1 . In clean Fermi liquids, the energy dependence of the dephasing rate is affected by the momentum conservation law and is limited by the phase volume of available final states, γ ϕ ∝ E 2 , where E is the excitation energy measured with respect to the Fermi energy E F [9] . In disordered Fermi liquids, the energy relaxation rate was calculated to be enhanced by an additional term γ ϕ ∝ E 3/2 [10] . Thus theory predicts that the relaxation rate approaches zero at the Fermi level, corresponding to a diverging dephasing time τ ϕ = 1/γ ϕ .
Experimentally, information about the phase relaxation in disordered conductors is usually extracted from quantum interference effects in the transport measurements, such as weak localization phenomena and universal conductance fluctuations. Dephasing manifests itself as a suppression of these interference effects with increasing temperature [3] [4] [5] . Another way to study inelastic scattering is to measure the shape change of the electron distribution function upon applying a bias voltage across the conductor [11] . Some experiments observed a saturation of τ ϕ at low temperatures in the range of 0.01 − 10 K [12, 13] , whereas others did not [14] . The apparent disagreement with theory has been attributed to heating of the electron system or scattering off magnetic impurities, intrinsic quantum fluctuations of the electromagnetic field [12] , as well as external microwave noise [13, 15] . In this work, we present a novel method to measure the dephasing rate directly as a function of excitation energy rather than temperature. Our experiment is based on imaging the local density of states (LDOS) in heavily doped GaAs and has been performed at a temperature of 20 mK.
The LDOS exhibits strong fluctuations as a result of quantum interference of elastically scattered electrons in the disordered Fermi liquid. From the amplitude of these LDOS fluctuations, we are able to deduce the energy dependence of the dephasing rate, which appears to be in a good agreement with γ ϕ ∝ E 3/2 law [15, 16] As reported previously, the LDOS can be measured via resonant tunneling through an impurity in a strongly asymmetric double-barrier heterostructure [17] [18] [19] [20] [21] . Our heterostructure consists of a 10 nm wide GaAs quantum well and 5 and 8 nm wide Al 0.3 Ga 0.7 As barriers sandwiched between doped GaAs contact layers with a donor concentration of 3.3 × 10 17 cm −3 , as sketched in Fig. 2 (a). From this material we fabricated a 2 µm diameter mesa, as depicted in the scanning electron micrograph of Fig. 2(b) . The mesa contains a small number of residual impurities in the nominally undoped quantum well. We use the energetically lowest impurity state S as spectrometer for the LDOS in the heavily doped GaAs emitter adjacent to the thick barrier. The idea of our experiment is illustrated in Fig. 2(c) . Upon applying a bias voltage V , the spectrometer, which is narrow in energy and localized in space, is shifted in energy E with respect to the emitter. As tunneling is limited by the thick, less transparent barrier, the tunneling current is proportional to the LDOS of occupied states in the emitter at the spectrometer position, I ∝ ν [17] . Consequently, the differential conductance displays the derivative of the LDOS with respect to energy, G = dI/dV ∝ dν/dE. Our differential conductance data plotted in Our experiment covers an energy range of about 0 ≤ E ≤ 2 meV, since the voltage and energy scales are related via E = αe(V − V S ) where the prefactor α = 0.50 accounts for the fact that only part of the voltage drops between emitter and spectrometer [22] . The LDOS fluctuations result from quantum interference of the hole in the emitter left after an electron has tunneled through the impurity, see Fig. 2(c) . Interference is limited by the energy relaxation of the hole towards the Fermi level. Thus the fluctuation amplitude measures a combination of the dephasing rate in the disordered emitter and the energy resolution of the spectrometer [23] . The fluctuations decrease with increasing voltage, as indicated by the dashed lines in Fig. 2(d) , which demonstrates that dephasing is faster at larger energies.
In order to average over different realizations of disorder, we applied a magnetic field parallel to the direction of current flow. Figure 3 shows a color-scale image of the differential conductance measured as a function of bias voltage and magnetic field. We restrict ourselves to low, classical magnetic fields where Landau quantization is suppressed by disorder. The narrow black lines in Fig. 3 correspond to the impurity peaks. Again we note that the fluctuation amplitude between the peaks clearly decreases with increasing bias voltage. Figure 4(a) shows that var B G drops by more than one order of magnitude within the experimentally accessible voltage range. In our limit of classical magnetic fields, the fluctuation amplitude is related to the dephasing rate [23] according to
Here, G N is a prefactor which we estimate as G 2 N = var B G |V S from Fig. 4(a) by assuming that the dephasing rate approaches zero at V S , corresponding to the Fermi level. Furthermore, we determine the energy resolution of the spectrometer from the width of the first conductance peak in Fig. 2(d) as Γ ≈ eα×72 µV ≈ 36 µeV. In addition, we rescale the voltage scale into excitation energies measured from the Fermi level. Figure 4(b) shows the obtained energy dependence of the dephasing rate. It drops strongly with decreasing excitation energy. In contrast to previous experiments measuring the temperature dependence of dephasing, we do not observe a saturation at low energies [24] .
Theory predicts that large momentum transfers are dominant during electron-electron scattering in clean Fermi liquids with ballistic propagation. The energy dependence of the dephasing rate is determined by the phase volume of available final states leading to a E 2 dependence of the dephasing rate [9] ,
In disordered Fermi liquids transport is diffusive and small momentum transfers play an important role, such that an additional E 3/2 energy dependence appears [10, 16] ,
The E 3/2 dependence was predicted to dominate at small energies, E < /τ , while the E 2 term dominates at large energies. Estimating an elastic scattering time of τ = 0.14 ps from the magnetic-field dependence of the LDOS fluctuations [25] , the crossover should occur at E ∼ 5 meV which is beyond the energy range accessible in our experiment. For a quantitative comparison, we fit the dephasing rate as γ ϕ = a 1 × E 2 + a 2 × E 3/2 . Figure 4( 
